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We examined the role of microRNAs (miRNAs) in targeting the stromal-derived factor 10,/CXCR4 (SDF-10,/
CXCR4) axis to overcome chemoresistance of AML cells. Microarray analysis of OCI-AMLS3 cells revealed that
the miRNA let-7a was downregulated by SDF-10-mediated CXCR4 activation and increased by CXCR4 inhi-
bition. Overexpression of let-7a in AML cell lines was associated with decreased c-Myc and BCL-XL protein
expression and enhanced chemosensitivity, both in vitro and in vivo. We identified the transcription factor
Yin Yang 1 (YY1) as a link between SDF-10,/CXCR4 signaling and let-7a, as YY1 was upregulated by SDF-1a
and downregulated by treatment with a CXCR4 antagonist. ChIP assay confirmed the binding of YY1 to
unprocessed let-7a DNA fragments, and treatment with YY1 shRNA increased let-7a expression. In primary
human AML samples, high CXCR4 expression was associated with low let-7a levels. Xenografts of primary
human AML cells engineered to overexpress let-7a exhibited enhanced sensitivity to cytarabine, resulting in
greatly extended survival of immunodeficient mice. Based on these data, we propose that CXCR4 induces
chemoresistance by downregulating let-7a to promote YY1-mediated transcriptional activation of MYC and

BCLXL in AML cells.

Introduction

Acute myeloid leukemia (AML) is a hematologic disease charac-
terized by dysregulated cell proliferation, impaired cell death, and
accumulation of immature myeloid cells in BM and peripheral
blood (1, 2). The disease carries an extremely poor prognosis, and
the principal cause of treatment failure is chemotherapy resistance
(2, 3). Leukemic cells have been shown to hijack the homeostatic
mechanisms of normal hematopoietic stem cells and take refuge
within the BM niche (4, 5). This mechanism is pivotal to the sur-
vival of residual cells after chemotherapy and consequently con-
tributes to disease relapse.

In recent years, interrupting the connection between leuke-
mic cells and the tumor microenvironment by targeting the
stromal-derived factor 1a/CXCR4 (SDF-10/CXCR4) axis has
become an attractive therapeutic approach for AML. Our group
and others have shown that culturing of AML cells with SDF-
la (also known as CXCL12) promotes their survival, whereas
adding neutralizing CXCR4 antibodies, SDF-1a antibodies, or
the CXCR4 inhibitor AMD3100 significantly decreases it. BM-
derived mesenchymal stromal cells can also protect AML cells
from chemotherapeutic drug-induced apoptosis (6, 7). More-
over, weekly administration of anti-human CXCR4 antibody to
mice previously engrafted with human AML cells leads to a dra-
matic decrease of human AML cells in BM, blood, and spleen in
a dose- and time-dependent manner (8, 9). However, the mecha-
nisms involved in this SDF-10,/CXCR#4 axis-targeting progress
are not fully understood.

microRNAs (miRNAs) are small noncoding regulatory RNAs
approximately 18-25 nucleotides in length (10, 11). Each miRNA
has the potential to target a large number of genes. The discov-
ery of miRNAs in the early 1990s opened a new era in under-
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standing transcriptional and posttranscriptional regulation of
gene expression in biological processes (11-13). miRNAs are
now known to play roles in almost all aspects of cancer biology,
including proliferation, apoptosis, invasion and metastasis, and
angiogenesis (14-16). In recent years, functional and prognostic
studies have confirmed that miRNAs plays an active role in hema-
tologic malignancies, and some miRNAs have been proposed as
prognostic markers and therapeutic targets in leukemia treat-
ment. Calin et al. found that 65% of B cell chronic lymphocytic
leukemia patients have deletions of chromosome 13q14, a locus
that includes miR-15a and miR-16-1, which consequently present
downregulated expression (17). Garzon et al. reported that miR-
NAs including miR-15a, miR-15b, miR-16-1, miR-223, miR-342,
and miR-107 are upregulated, whereas miR-181b is downregulat-
ed, in acute promyelocytic leukemia (18). miR-155 was reported to
be upregulated in patients with an internal tandem duplication
of the FLT3 gene (19). Schotte et al. showed that 14 miRNAs are
upregulated (miR-128a, miR-142-3p, miR-142-5p, miR-150, miR-
181a, miR-181b, miR-181c¢, miR-193a, miR-196b, miR-30e-5p,
miR-34b, miR-365, miR-582, and miR-708), and 5 downregulated
(miR-100, miR-125b, miR-151-5p, miR-99a, and let-7e), in acute
lymphoblastic leukemia cells compared with normal CD34* cells
(20). Upregulation of miR-181a and miR-335 has been observed
in AML patients carrying CEBPA gene mutations (21, 22). And,
very recently, miR-3151 was reported to independently affect the
outcome of patients with cytogenetically normal AML (23).

In the present study, we analyzed the mechanisms of CXCR4
signaling-mediated chemoresistance and demonstrated that
the human miRNA let-7a, which negatively regulates BCL-XL
expression, is regulated by SDF-1a,/CXCR4 signaling in human
AML cells. In our experiments, inhibiting CXCR4 or overexpress-
ing let-7a in AML cells led to reduced expression of BCL-XL and
enhanced cytarabine-induced (Ara-C-induced) apoptosis both in
vitro and in vivo.
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CXCR4-mediated signaling influences miRNA profiles in OCI-AMLS3 cells. (A) OCI-AMLS3 cells were treated with SDF-10. or POL6326, total RNA
was extracted at specific time points, and mRNA expression profiling was performed. 47 miRNA probes were identified to be significantly changed
in either direction with treatment. (B and C) qRT-PCR was performed to evaluate let-7a expression in response to SDF-1a. (B) or POL6326 (C)
treatment for the indicated times. (D) Upregulation of let-7a was also obtained in OCI-AML3 cells with administration of AMD CXCR4 inhibitors.

*P <0.05, **P < 0.01.

Results

let-7a in OCI-AML3 cells is downregulated by SDF-10o. treatment and
upregulated with CXCR4 antagonist. To explore how CXCR4-medi-
ated signaling in AML cells elicits chemoresistance, we first per-
formed a miRNA microarray platform (see Methods). OCI-AML3
cells were treated with 100 ng/ml SDF-1a or 250 nM POL6326
(a CXCR4 antagonist), total RNA was extracted at specific time
points (0, 1, 2, 4, and 8 hours), and miRNA expression profiling
was performed. 47 miRNA probes were identified to be signifi-
cantly changed in either direction with treatment (significant at
0.01 level of the univariate test; Figure 1A). We focused on miRNAs
that could potentially function as tumor suppressors and connect
CXCR4 signaling to chemoresistance. The let-7a coding sequence
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was selected for further analysis because it was not only one of the
most strongly downregulated miRNAs in OCI-AML3 cells after
SDF-1a treatment, but was also highly elevated when OCI-AML3
cells were treated with the CXCR4 antagonist. The results were
confirmed by real-time quantitative RT-PCR (qRT-PCR; Figure 1,
B and C). In addition, the structurally unrelated CXCR4 inhibitors
AMD3100 and AMD3465 showed similar effects on let-7a levels
in OCI-AMLS3 cells (Figure 1D). Together, these observations indi-
cated that CXCR4-mediated signaling influences miRNA profiles
in OCI-AMLS3 cells.

Transfection of synthetic let-7a sensitizes OCI-AML3 cells to Ara-C. To
investigate the effect of let-7a in leukemic cells on chemotherapy-
induced apoptosis, we transfected let-7a mimic (0.25 uM) or nega-

http://www.jci.org



research article

A C Mimic negative control Mimic let-7a
© . ok
2 60 — 51963 1576 | 51237 49.45
B MNio® - 107 5
o 3
N 40] .
T 4 10 4
£ : 3
5 50
2 20 10°
© _ 3
~ o ]
© 3 :
= Normal  Mimic neg Mimic a 107 3.
culture control let-7a
10'1 et
5.97 125.25
T Ly |
P LERTCRTS R TA RIS w0l 10wt 10
B 1 B 3 Annexin V
ITGB3 | wty D
o 11 o3 @m OCI3 mimic neg control
—e 1t 03 » 100 . 1x10e6 @ OCI3 mimic let-7a
BCL-XL | — — = |_|
| (4] -
1.0 1.1 04 ° 80 3 8x10e5
10 11 : +
C-Myc | S————— < 60 E 6x10e5
10 09 05 £ =
; <40 o
CXCR4 | e 2 - —
g 20 2
1.0 1.0 0.9 < T 2x10e5
E G &
GAPDH } < 0 > 0
Control Ara-C Control Ara-C
Figure 2

Transfection of synthetic let-7a sensitizes OCI-AMLS cells to Ara-C treatment. Mimic let-7a or negative control oligonucleotide was transfected
into OCI-AMLS cells by electroporation. (A) gRT-PCR showed that cells transfected with mimic had an approximately 3.5-fold increase of let-7a
compared with control. (B) Western blots showed cells with mimic let-7a transfection had low expression of let-7a targets such as ITGB3, c-Myc,
and BCL-XL. Lane 1, normal culture; lane 2, negative control oligonucleotide; lane 3, mimic let-7a. Expression level relative to normal culture (lane
1) is shown below blots. (C) When exposed to Ara-C (2.5 uM, 48 hours), the mimic let-7a—transfected cells exhibited >2-fold increased apoptosis
(69.8% +9.4% vs. 23.2% =+ 2.7% annexin V+; P < 0.01) and significantly lower numbers of viable cells (27,715 + 6025 vs. 166,878 + 12,405 cells;

P < 0.01) compared with negative controls. **P < 0.01.

tive control oligonucleotide into OCI-AML3 cells by electropora-
tion. Cells were collected 48 hours later for total RNA extraction
and Western blotting. qRT-PCR showed that cells transfected with
the mimic had an approximately 3.5-fold increase in let-7a com-
pared with negative controls (Figure 2A). Western blotting indi-
cated that cells with high expression of let-7a had lower expression
of ITGB3 (also known as integrin 33), c-Myc, and BCL-XL (Figure
2B), which suggests that let-7a levels are negatively correlated with
the expression of these proteins. When exposed to 2.5 uM Ara-C
for 48 hours, the let-7a-overexpressing cells exhibited more than
2-fold increased apoptosis compared with control cells (69.8% =
9.4% vs. 23.2% + 2.7% annexin V* cells; P < 0.01; Figure 2C).
Knockdown of CXCR4 leads to increased let-7a expression in OCI-
AML3 cells, which downregulates BCL-XL expression and sensitizes cells
to Ara-C. Next, to test whether decreased CXCR4 expression had
any functional consequence for cellular chemoresistance, we
suppressed CXCR4 in OCI-AMLS3 cells with lentivirus-delivered
CXCR4 shRNA (referred to herein as CXCR4-shRNA-OCI3 cells).
Although knockdown of the total CXCR4 level was approximate-
ly 30%, as determined by Western blotting, the CXCR4-shRNA-
OCI3 cells had approximately 70% lower cell surface CXCR4
expression, as evaluated by flow cytometry (allophycocyanin-
conjugated anti-CXCR4 antibodies) and displayed approximate-
ly 60% less migration to SDF-1o. compared with the nonsilenc-
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ing (NS) shRNA control (Figure 3, A and C). Using qRT-PCR,
we found that let-7a expression was elevated in CXCR4-shRNA-
OCIS3 cells (~2.3-fold the level in NS-shRNA-OCI3 cells; Figure
3D). As expected, let-7a-targeted genes such as MYC and BCLXL
were substantially decreased in CXCR4-shRNA-OCI3 cells at
both the mRNA and the protein level (Figure 3E), inhibiting cell
proliferation and increasing sensitivity to Ara-C (2.5 uM, 64.6%
+2.4% vs. 23.6% + 2.7% annexin V*; S uM, 83.8% + 4.1% vs. 44.7%
+ 4.3% annexin V*; P < 0.01 for both; Figure 3, B and F). Taken
together, these results revealed the link between CXCR4 and let-
7a in human AML cells and suggested a novel mechanism for
CXCR4-mediated chemoresistance.

let-7a strongly affects chemoresistance of AML cell lines in NOD/
SCID/IL-2ry™! mice. We then established 2 AML cell lines, OCI-
AML3 and Molm13, with stable overexpression of let-7a and
luciferase-GFP (referred to herein as OCI3-luc-GFP-let-7a cells
and Molm13-luc-GFP-let-7a cells, respectively). Overexpression
of let-7a in these cells (confirmed by qRT-PCR) was approximate-
ly 1.7-fold in OCI3-luc-GFP-let-7a cells and approximately 1.6-
fold in Molm13-luc-GFP-let-7a cells relative to specific scram-
bled control cells (Figure 4A and Figure 5B). In addition, the
luciferase signals from the let-7a-overexpressed and scrambled
control cells were very similar, as determined by bioluminescence
imaging (Figure 4B). let-7a-overexpressing and control cells were
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Knockdown of CXCR4 leads to upregulation of let-7a expression in OCI-AML3 cells. CXCR4 was suppressed in OCI-AMLS3 cells with lentivirus-
delivered CXCR4 shRNA. (A) The resulting CXCR4-shRNA-OCI3 cells had approximately 70% lower cell surface CXCR4 expression, as evalu-
ated by flow cytometry. (B) CXCR4-shRNA-OCI3 cells grew slower than parental control and NS-shRNA-OCI3 cells. (C) In addition, approximately
60% less migration to SDF-10. was observed for CXCR4-shRNA-OCI3 cells. (D) gRT-PCR showed that let-7a was elevated in CXCR4-shRNA-
OCI3 cells (~2.3-fold the level in NS-shRNA-OCI3 cells). (E) As expected, let-7a—targeted genes such as MYC and BCLXL were decreased in
CXCR4-shRNA-OCI3 cells. Expression level relative to parental OCI-AML3 cells is shown below blots. (F) CXCR4-shRNA-OCI3 cells exhibited
significantly higher sensitivity to Ara-C, as shown by apoptosis rates and absolute viable cell counts. **P < 0.01.
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Figure 4

let-7a strongly affects chemoresistance of OCI-AML3 cells in NSG mice. (A) OCI3-luc-GFP-let-7a cells were established by lentiviral infection, and
let-7a overexpression was confirmed by qRT-PCR. (B) Luciferase signals were similar between OCI3-luc-GFP-let-7a and control cells, as determined
by bioluminescence imaging. (C) OCI3-luc-GFP-let-7a and control cells were transplanted into NSG mice (n = 8) for leukemia development, and mice
were treated with PBS or Ara-C twice weekly from day 7 after cell injection. On days 10, 21, 28, and 35, mice were imaged after D-luciferin injection.
Serial images of 5 representative mice at different time points are shown. (D) Bioluminescence imaging was quantified and expressed as luminescent
intensity. (E) Overall survival rate in each group was estimated by Kaplan-Meier method. *P < 0.05, **P < 0.01.
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Figure 5

Molm13 cells with overexpression of let-7a are more sensitive to che-
motherapy in vitro and in vivo. (A) Expression of let-7a in Molm13
cells was upregulated with POL6326 treatment and decreased with
SDF-1a administration, as determined by qRT-PCR. (B) Molm13-
luc-GFP-let-7a cells were established by lentiviral infection, which
showed approximately 1.6-fold more let-7a compared with the scram-
bled control. (C) Molm13-luc-GFP-let-7a cells exhibited significantly
higher sensitivity to Ara-C treatment in vitro. (D) Molm13-luc-GFP-
let-7a and scrambled control cells were injected into NSG mice (n =
8), and the mice were treated with either PBS or Ara-C twice a week
from day 7. Serial images of 3 representative mice on days 0, 10, 14,
and 18 after D-luciferin injection are shown. (E) Bioluminescence
imaging was quantified in terms of luminescent intensity. (F) Overall
survival rate in each group was estimated by Kaplan-Meier method
(*P < 0.05). (G) 3 representative mice per group were sacrificed on
day 18, and tissues were fixed and sliced for immunohistochemistry
staining with an anti-firefly antibody to specifically identify human
leukemic cells. Analysis of spectral images further confirmed the
significantly reduced leukemia burden in Ara-C—treated Molm13-luc-
GFP-let-7a cells. Original magnification, x20 (liver and spleen); x4
(femur). *P < 0.05, **P < 0.01.

then transplanted into NOD/SCID/IL-2ry" !l (NSG) mice for leu-
kemia development (n = 8), and the mice were treated with either
PBS or Ara-C twice a week beginning at day 7 after cell injection.
Bioluminescence imaging was used to monitor the tumor bur-
den at different time points. Mice with OCI3-luc-GFP-let-7a cells
showed less luciferase activity and minimally extended survival
compared with mice injected with control cells (median survival
duration, 41.5 vs. 40.0 days; P = 0.2; Figure 4, C and D). Ara-C
treatment reduced the tumor burden and improved survival, but
the median survival was significantly longer in the OCI3-luc-
GFP-let-7a group than the control group (58.5 vs. 49.0 days; P <
0.01; Figure 4E). Similarly, in Molm13 mice with Ara-C admin-
istration, those injected with Molm13-luc-GFP-let-7a cells lived
longer than those injected with control cells (P < 0.05; Figure 5,
D-F). Moreover, representative mice were sacrificed on day 18,
and tissues such as liver, spleen, and bone (femur) were fixed and
sliced for immunohistochemistry staining with an anti-firefly
antibody. Analysis of spectral imaging (see Methods) further
confirmed that Ara-C treatment reduced the leukemia burden,
and the effect was more obvious in the mouse group bearing
Molm13-luc-GFP-let-7a cells (Figure 5SG). Taken together, these
data suggested that let-7a overexpression sensitized AML cells to
Ara-C treatment in vivo.

CXCRA4 regulates let-7a expression via YY1. To further explore the
link between let-7a and CXCR4, we treated OCI-AML3 cells with
SDF-1a. or CXCR4 antagonist and performed qRT-PCR for pri-
mary LET7A1 (pri-let-7a-1), pri-let-7a-2, and pri-let-7a-3. All 3 pri-
mary miRNAs were downregulated by SDF-1a and upregulated
by POL6326 (Figure 6A), which indicated that let-7a was regulated
at the transcriptional level in this CXCR4-mediated signaling. We
then retrieved the promoter sequences for each gene (5,000 bp
upstream of the initiation transcription site) and exhaustively
searched for all potential binding sites using ALGGEN-PROMO
(24). The search site predicted a series of transcription factors
that might be involved in the transcriptional regulation of let-7a
(Table 1). The transcription factor Yin Yang 1 (YY1), ranked first in
the prediction, is a member of the polycomb group and has been
shown to be involved in CXCR4 signaling (25-29).
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qRT-PCR, Western blotting, and immunocytochemistry showed
upregulation of YYI mRNA by SDF-1a treatment and its down-
regulation with exposure to CXCR4 antagonist (Figure 6B), which
suggests that YY1 was involved in CXCR4 signaling in AML cells.
To test whether YY1 is associated with let-7a expression, ChIP
assay were performed, and the results confirmed the interaction
between YY1 and pri-let-7a-1, pri-let-7a-2, and pri-let-7a-3 DNA
fragments. The association was enhanced by SDF-1a. treatment,
which was not detected by normal IgG (Figure 6C). It has been
reported that YY1 transcriptionally represses miR-29b/c through
recruitment of the polycomb complex and the resultant trimeth-
ylation of H3K27 (30). We asked whether a similar regulation
occurred on the let-7a locus. In order to prove this hypothesis,
YY1 expression in OCI-AMLS3 cells was knocked down by specific
YY1 shRNA. The resulting YY1-shRNA-OCI3 cells showed a 3-fold
increase of let-7a expression and were much more sensitive to
Ara-C treatment than were control cells (Figure 6D). ChIP analysis
was performed on chromatin obtained from cells transfected with
control or YY1 shRNA. As expected, shRNA-mediated reduction
of YY1 resulted in loss of H3K27 methylation at promoter regions
of pri-let-7a-1, pri-let-7a-2, and pri-let-7a-3 (Figure 6E). Together,
these data revealed that YY1 levels were inversely correlated with
let-7a levels in OCI-AMLS3 cells, which suggests that CXCR4 medi-
ates let-7a regulation at least partially through YY1.

Lower let-7a levels in AML patient samples are associated with bigher
CXCR4 expression and chemoresistance. To determine the patho-
logic relevance of the relationship between CXCR4 and let-7a, we
analyzed surface CXCR4 and let-7a expression levels in 50 AML
patient samples. The ratio of anti-CXCR4 antibody MFI to I1gG
MFI was determined, and the samples were categorized into 2
groups according to their MFI ratios (<5 or >5; n = 25 per group).
CXCR4 surface expression was inversely associated with let-7a lev-
els: the samples with lower CXCR4 MFI ratios had significantly
higher let-7a expression than those with higher ratios (P < 0.001;
72 =0.53; Figure 7A).

Because CXCR4 receptors in human AML samples are hetero-
geneous, we stained 10 fresh samples with CXCR4 antibody and
sorted the cells as CXCR4M or CXCR4" (gated on the 30% high-
est and the 30% lowest CXCR4 staining cells). The CXCR4" sub-
population expressed substantially lower levels of let-7a (Figure
7B). ITGB3 and BCL-XL proteins were expressed at much lower
levels in the CXCR4 subpopulation (Figure 7C), and the CXCR4l°
subpopulation was more sensitive to Ara-C treatment (Figure 7D),
which may explain why low surface CXCR4 expression in AML
cells was correlated with better prognosis, resulting in longer
relapse-free and overall survival times.

Next, primary human AML cells stably overexpressing let-7a were
established for xenograft models. A 2.2-fold increase of let-7a was
achieved after the virus infection (Figure 7E). 15 days after cell injec-
tion, human CD45* (hCD45") cells were observed in the peripheral
blood of all mice (range, 0.5%-1.2%). As determined by peripheral
blood hCD45* cell percentages, leukemia burden was markedly
reduced with Ara-C treatment, an effect that was more pronounced
in the let-7a-overexpressing group (Figure 7F). Next, 3 representa-
tive mice per group were sacrificed on day 32, and the spleens were
isolated, weighed, and fixed for sectioning. The spleen size of the
Ara-C-treated let-7a-overexpressing group was significantly small-
er than the other groups, and immunohistochemical staining with
anti-hCD45 antibody confirmed a lower leukemia burden (Figure
7G). Finally, we observed the median survival to be significantly
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Figure 6

let-7a expression regulated by CXCR4 signaling is partially mediated
though YY1. (A) gRT-PCR demonstrated that pri-let-7a-1, pri-let-7a-2,
and pri-let-7a-3 were downregulated by SDF-1a and upregulated with
POL6326 treatment. (B) qRT-PCR, Western blotting, and immunocy-
tochemistry confirmed the upregulation of YY1 with SDF-1a treatment
and its reduction by CXCR4 antagonist at the mRNA and protein lev-
els. Expression level relative to control is shown below blots. Scale
bars: 10 um. (C) Specific primers were designed for let-7a DNA frag-
ments that include the YY1 binding sites. ChIP assay further confirmed
that the interaction between YY1 and the pri-let-7a-1, pri-let-7a-2, and
pri-let-7a-3 DNA fragments was enhanced by SDF-1a treatment. (D)
YY1 expression in OCI-AMLS3 cells was knocked down by shRNA, and
the cells showed a significantly higher level of let-7a compared with
NS-shRNA-OCI3 cells. Moreover, YY1-shRNA-OCI3 cells were more
sensitive to Ara-C treatment. Expression level relative to parental OCI-
AMLS cells is shown below blots. (E) ChlP assays were performed with
control IgG or antibody to H3K27 on the chromatin obtained from cells
transfected with either control or YY7 shRNA. The immunoprecipitated
chromatin was analyzed by PCR using specific primers (see Methods).
*P < 0.05, **P < 0.01.

extended in the let-7a-overexpressing versus the control group
under Ara-C treatment: 80% with let-7a-overexpressing AML were
still alive on day 75 (leukemia free by human CD4S5 flow cytometric
analysis), compared with 0% of controls (P < 0.01; Figure 7H).

Discussion
There is accumulating evidence that dysregulation of miRNA
expression is involved in various cancers, including hematologi-
cal malignancies (31-34). Here, we identified for the first time
a CXCR4/let-7a/BCL-XL axis in human AML cells that may be
responsible for the chemoresistance observed in the clinical set-
ting. In the present study, we showed that overexpression of
surface CXCR4 and activation of CXCR4 signaling resulted in
downregulation of let-7a, which led to enhanced expression of
the antiapoptotic protein BCL-XL in AML cells. Collectively, our
results suggest that let-7a plays an important role in AML cell
chemoresistance and are indicative of a new mechanism by which
miRNA is involved in the SDF-10/CXCR4 signaling pathway.
Over the last few years, CXCR4 surface expression has been report-
ed as an independent prognostic factor for disease relapse and sur-
vival in AML patients (3, 35, 36). Our group and others previously
demonstrated that targeting the SDF-10/CXCR4 axis by CXCR4
inhibition can ameliorate resistance of AML cells to chemotherapy
in vitro, in vivo, and in clinical trials (8, 9, 37). To further explore
the mechanism of targeting CXCR4, we evaluated the expression
of miRNAs, which have been reported to be differentially expressed
and deregulated in pathophysiological conditions such as cancers.
We identified a series of miRNAs that were altered by SDF-1a/
CXCR4 modulation. let-7a was significantly downregulated in OCI-
AML3 cells after SDF-1a. treatment and highly elevated by treat-
ment with CXCR4 antagonists. let-7, the second miRNA ever identi-
fied, mainly controls developmental timing in Caenorhabditis elegans
and is evolutionary conserved across species (38, 39). Recent studies
have shown that let-7 is involved in various biological processes and
likely as a tumor suppressor (40). In addition, it was recently report-
ed that the antiapoptotic protein BCL-XL is also a target of let-7a in
human hepatocellular carcinoma (41). This information led to our
hypothesis that let-7a is responsible for CXCR4 signaling-mediated
chemoresistance in AML cells.
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Consistent with our hypothesis, when we suppressed CXCR4 in
AML cell lines with lentivirus-delivered CXCR4 shRNA, the cells
showed significantly higher let-7a levels than did scrambled con-
trols. In our study, knockdown of CXCR4 expression or transfec-
tion of a low amount of let-7a into AML cells was not capable
of inducing apoptosis, despite a clear reduction in BCL-XL, but
these approaches substantially enhanced sensitivity to Ara-C both
in vitro and in vivo. Expression of ITGB3, a protein strongly relat-
ed to cell adhesion and migration, was also repressed by let-7a in
AML cells. There are more than 5,000 other potential targets of
let-7a predicted by microRNA.org, based on the miRanda algo-
rithm. Genes including RAS, HMGA2, MYC, IL6, MUC4, CDC25A,
CASP3, and CDKS, which are involved in tumorigenesis, cell cycle
and apoptosis regulation, and posttranscriptional control of
immune responses, have been reported to be targets of let-7a in
different studies (42-46). However, it may not be straightforward
to assign miRNA function in AML cells based on function in
other cell types, as the same miRNA can have distinct biological
activities in different cellular contexts (47). Although our present
findings established a link between CXCR4 and let-7a, detailed
studies to determine more targets of let-7a may further elaborate
the mechanism of CXCR4 signaling-mediated chemoresistance
in AML. In further exploring the links between let-7a and CXCR4,
we found that let-7a was regulated at a transcriptional level in
OCI-AMLS3 cells treated with either SDF-1a or CXCR4 antago-
nist. Preliminary analysis of the promoter region of let-7a sug-
gested that a series of transcription factors may be involved in the
transcriptional regulation of the miRNA. The transcription factor
YY1, which functions to silence transcription of a selected set of
genes by chromatin modification, was demonstrated to play a role
in CXCR4-mediated let-7a regulation.

We also found that let-7a levels in primary human samples were
inversely correlated with CXCR4 surface expression, and the CXCR4
surface expression of primary samples was heterogeneous in different

Table 1
PROMO “MultiSearchSites” output for regulation regions of pri-
let-7a-1, pri-let-7a-2, and pri-let-7a-3

Rank Transcription factor
1 YY1

2 GR-a
3 C/EBPB
4 GR-B
5 TFIID
6 GATA-1
7 TFII-1
8 AP-20A
9 GR
10 HNF-3a
1 RXR-a.
12 p53
13 c-Ets-1
14 FOXP3
15 ER-a
16 IRF-2
17 XBP-1
18 Pax-5

Transcription factors predicted within a dissimilarity margin =1%. Only
those binding site predictions that appear in all 3 sequences are shown.
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Figure 7

let-7a expression inversely correlates with surface CXCR4 expression and chemoresistance in AML patient samples. (A) 50 AML patient samples were
divided according to MFI ratio (anti-CXCR4 MFI/IgG MFI). Samples with higher MFI ratios (>5) had significantly higher let-7a expression than those
with lower MFI ratios (<5) (P < 0.001; n = 25 per group). (B) 10 fresh AML samples were stained with CXCR4 antibody and sorted based on surface
CXCR4 expression. The CXCR4" subpopulation showed substantially less let-7a. (C) Western blot of samples 1 and 2 showed that let-7a targets,
such as ITGB3 and BCL-XL, were expressed much less in the CXCR4'" subpopulation. Expression level relative to CXCR4" cells is shown below blots.
(D) The CXCR4'> subpopulation was more sensitive to Ara-C treatment. Specific apoptosis was calculated as (percent treatment apoptosis — percent
spontaneous apoptosis)/(1 — percent spontaneous apoptosis) and expressed as a percentage. Results for samples 1, 7, 8, and 9 are shown. (E) Pri-
mary human AML cells were stably infected with let-7a or empty vector (EV) and expanded for xenograft models, which showed a 2.2-fold increase
in let-7a versus control cells. (F) hCD45+ cells in mouse peripheral blood were determined using flow cytometry at different time points. hCD45+* cell
percentage was significantly reduced with Ara-C treatment, which was more obvious in the let-7a—overexpressing group. (G) 3 representative mice
per group were sacrificed on day 32. Spleens of the Ara-C—treated let-7a—overexpressing group were significantly smaller than the other groups, and
immunohistochemical staining with anti-hCD45 antibody (original magnification, x4) confirmed lower leukemia burden. Scale bar: 100 um. (H) Median
survival was significantly extended in the let-7a—overexpressing group compared with controls with Ara-C treatment. *P < 0.05, **P < 0.01.
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Table 2
Characteristics of AML patients with high and low CXCR4 MFI ratios

Characteristic CXCR4 MFI ratio

>5 (n=25) <5 (n=25)
Sex
Male 11 (44%) 13 (52%)
Female 14 (56%) 12 (48%)
FAB subtype
MO 3 (12%) 10 (40%)
M1 5 (20%) 3 (12%)
M2 5(20%) 8 (32%)
M3 0(0%) 1 (4%)
M4 11 (44%) 3 (12%)
M5 1(4%) 0(0%)

Values are expressed as n (%). FAB, French-American-British classification.

French-American-British classification subtypes: 44% of the cases with
high CXCR4 MFI ratios in this study were M4, and 40% of cases with
low CXCR4 MFI ratios were MO (Table 2). This finding is consistent
with other published studies showing that CXCR4 surface expres-
sion is higher in M4/MS5 (myelomonocytic) and M3 (promyelocytic)
AMLs, and lower in MO (minimally differentiated), M1/M2 (myeloid),
and M6 (erythroid) AMLs (48). High blast percentages and high lev-
els of serum LDH were observed in CXCR4-high patients (Table 3);
however, P values were not significant, possibly due to the limited
number of cases analyzed. A significant difference with respect to
wbc number, which is also a negative prognostic marker in AML, was
noted between the CXCR4-high and -low cases; significant negative
correlations between CXCR4 and percentage of CD117 and CD34
expression were also detected (Table 3). It was previously reported
that the number of CD34" blasts in bone marrow was dramatically
reduced by administration of the CXCR4 inhibitor AMD3100 (49).
The c-Kit receptor CD117, which is considered to play a crucial role in
hematopoiesis, has also been shown to be involved in the regulation
of leukemia blast egress into the peripheral blood (50). The obsetva-
tion of a low percentage of circulating CD117* and CD34* leukemic
blasts suggests that CXCR4 is essential for retention of these leukemic
populations in the marrow. In our study, we linked the regulation of
CXCR4 to the amount of let-7a present in AML cells. In addition, let-
7awas shown to be a tumor suppressor in that it repressed expression
of BCL-XL, which is strongly involved in leukemia chemoresistance.
This finding assigns possible therapeutic relevance to let-7a, as we
were able to show that the sensitivity of AML cells to chemotherapy
was strongly enhanced when cells were transfected with pri-let-7a.
Restoration of let-7a to its normal expression level could be an attrac-
tive and promising novel concept in AML therapy; however, develop-
ing a technique for safe and efficient delivery and in situ administra-
tion is still a major obstacle. Efficiently targeting CXCR4 would be the
best alternative at the current stage. Together, our results extend the
concept of targeting CXCR4 in AML treatment by defining a complex
network with the miRNA let-7a.

Methods
Mice. NSG mice were purchased from Jackson Laboratory.

Cell lines, primary samples, and cultures. Human AML cell lines OCI-AML3
and Molm13 were cultured in RPMI 1640 medium supplemented with
10% FBS. Cells were transduced to stably express luciferase (luc) and
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GFP, as described below. Cell lines were harvested during the log phase
of growth and seeded at a density of 0.2 x 10° cells/ml. Mononuclear cells
in primary AML patient samples were harvested using Ficoll-Hypaque
(Sigma-Aldrich) density gradient centrifugation.

RNA extraction and miRNA microarray analysis. Total RNA was extracted
with miRNeasy Mini Kit (Qiagen) according to the manufacturer’s pro-
tocol. RNA was labeled and hybridized on miRNA microarray chips as
previously described (51). Microarray data have been deposited in GEO
(accession no. GSE44828; http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgiacc=GSE44828).

RT-PCR analysis. RT reactions were carried out using 100 ng total
RNA with the TagMan miRNA RT kit (Applied Biosystems) accord-
ing to the manufacturer’s instructions. Real-time PCR reactions were
performed on a 7900 System (Applied Biosystems) using the Taq-
Man let-7a probe (Applied Biosystems) and gene-specific primers.
For primary miRNA analysis, a 2-step qRT-PCR method was adopted
using an NCode miRNA first-strand ¢cDNA synthesis and qRT-PCR
kit (Invitrogen). The real-time PCR reactions were then performed
with a SYBR Green qPCR kit (Applied Biosystems) and the following
gene-specific primers: pri-let-7a-1 forward, 5'-GATTCCTTTTCAC-
CATTCACCCTGGATGTT-3'; pri-let-7a-1 reverse, 5'-TTTCTAT-
CAGACCGCCTGGATGCAGACTTT-3'; pri-let-7a-2 forward, 5'-GCG-
GATCCTATGTTGTCTCTTATGAATGGCCC-3'; pri-let-7a-2 reverse,
5'-CGCTCGAGATCATGATCGTTCTCACCATGTTG-3'; pri-let-7a-3
forward, 5'-CGGAGTCCCATCGGCACCAAGACCGACTGC-3'; pri-let-
7a-3 reverse, 5'-TCTGTCCACCGCAGATATTACAGCCACTTC-3'".

In vitro transfection with synthetic miRNA. Synthetic let-7a and a scrambled
oligonucleotide were purchased from Dharmacon (Thermo Scientific). In
total, 2 x 10° OCI-AML3 cells were electroporated with 0.25 uM oligonu-
cleotide using Amaxa (Solution L, Program X001).

Lentiviral constructs and stably transduced cells. CXCR4 shRNA (pGIPZ-
CXCR4-shRNA), YY1 shRNA (pGIPZ-YY1-shRNA), and NS shRNA
control (pGIPZ-NS-shRNA) were purchased from OpenBiosystems
for lentiviral constructs. The human codon-optimized firefly lucifer-
ase sequence was excised from pGL4.51 (Promega) and cloned into the
pCDH-CMV-MCS-EF1-copGFP lentiviral vector to generate pCDH-
luc-CopGFP. The let-7a coding sequence was excised from the miRNA
precursor construct pMIF-cGFP-Zeo-let-7a-2 (System Biosciences) and
subcloned into the pGIPZ vector. Lentiviral infections were carried out
according to standard procedures (52).

Table 3
Clinical and hematological parameters compared between AML
patients with high and low CXCR4 MFI ratios

Parameter CXCR4 MFI ratio P
>5 (n=25) <5 (n=25)

Age (yr) 54.7+16.5 58.8+16.8 0.381
PB blasts (%) 70.9+10.7 64.9+16.9 0.094
whc (x109/1) 61.2 £56.5 38.5+£34.7 0.043
LDH (U/l) 918.5+875.2 616.8 +676.8 0.150
CD33 (%) 82.4£23.3 66.9 + 32.3 0.056
CD34 (%) 33.0+£36.8 67.7 £33.0 0.002
CD117 (%) 53.4+304 80.2+18.9 0.001
CD49d (%) 93.7+7.7 88.3 £23.2 0.337
CXCR4 (%) 443 £30.7 7.0+438 <0.001

Each value (mean + SD) was determined at the time of diagnosis. LDH,
lactate dehydrogenase; PB, peripheral blood. Significant P values are
denoted in bold.
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Lentiviral infections in AML primary samples were carried out following
the standard protocol described by Kim and colleagues (53). In brief, 293T
cells were cotransfected with pMD2.G, pCD-NL-BH, and pMIF-cGFP-
Zeo-let-7a-2 lentiviral vectors using JetPrime transfection reagent (Polyp-
lus) according to the manufacturer’s protocol. Transfection medium was
replaced after 12 hours with fresh DMEM with 10% FBS, and 48 hours
later, the viral supernatants were collected and concentrated using Cen-
tricon Plus-70 filter units (Millipore). AML patient samples were infected
in the presence of 8 ug/ml Polybrene (Sigma-Aldrich), then cultured in
STEM-EZ8 serum-free medium (Cellagen). At 4 days after infection, stably
transduced leukemic cells were FACS sorted, resulting in a homogeneous
population of 100% eGFP* cells.

Flow cytometry. The expression of surface CXCR4 protein was analyzed
by a LSRII flow cytometer (BD). Cells were incubated with saturating
concentrations of allophycocyanin-conjugated anti-CXCR4 monoclonal
antibody (12G5; BD Biosciences — Pharmingen) for 30 minutes at room
temperature. The appropriate isotype-matched antibody was used as a
negative control.

Western blot analysis. Cell lysates were separated on 10% polyacrylamide
gels and transferred to Hybond-P membranes. The following antibodies
were used: rabbit anti-human ITGB3, c-Myc, and BCL-XL (Cell Signaling
Technology), and rabbit anti-human CXCR4 and YY1 (Abcam). GAPDH
was used as the loading control.

Apoptosis analysis. Evaluation of apoptosis was performed using the pre-
viously described annexin V-propidium iodide binding assay (54). The
extent of apoptosis was quantified as the percentage of annexin V* cells.
To obtain absolute cell counts, 10,000 counting beads were added to each
test tube before analysis by LSR II flow cytometer (BD). All experiments
were conducted in triplicate.

In vivo Ara-C study in AML mouse models. NSG mice were intravenously
injected with OCI3-luc-GFP (1 x 106 cells/100 ul) or Molm13-luc-GFP (2
x 106 cells/100 pl) leukemia cells. Bioluminescence imaging was used to
monitor the tumor burden. Briefly, mice were anesthetized and imaged
noninvasively with an in vivo imaging system (IVIS-200; Xenogen) after
injection with luciferase substrate colenterazine (Biotium). Total body
bioluminescence was quantified in a region of interest drawn around
each mouse. Mice in treatment groups were given Ara-C (100 mg/kg
body weight) twice weekly, beginning 7 days after injection of leukemic
cells. Selected mice with Molm13 cell engraftment from each group were
humanely sacrificed by CO, asphyxiation on day 18, and the extent of leu-
kemic infiltration was assessed by staining with an anti-firefly antibody
(Promega). Spectral images were obtained using a Cambridge Research
and Instrumentation attachment on an Olympus IX81 microscope with a
disc-scanning unit confocal attachment, and images were analyzed using
InForm software as described previously (55). 5 images per slide were quan-
tified and averaged at 3 different focal depths within the tissue section.

For the primary human AML xenograft model, 32 female NSG mice were
randomly divided into 4 groups, and 1 x 10%/100 ul let-7a-overexpressing
cells as well as control cells were injected through tail vein. Retro-orbital
bleeding was performed to monitor the leukemia burden in the mice.
When the proportion of hCD45" cells in peripheral blood mononuclear
cells reached 1%, mice in different groups were injected with either Ara-C
(i.p., 100 mg/kg body weight, twice weekly) or the same volume of PBS.

Immunofluorescence staining and confocal microscopy. OCI-AML3 cells were
fixed with 4% paraformaldehyde for 10 minutes, permeabilized with 0.5%
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Triton X-100 for 10 minutes, incubated with 5% bovine serum albumin
for 1 hour, and then stained at room temperature for 2 hours with anti-
YY1 antibody (1:200; Abcam). Subsequently, cells were washed with PBS
and incubated for 30 minutes with Alexa Fluor 594 goat anti-rabbit IgG
(1:1,000; Invitrogen). After further washes with PBS and counterstaining
with 4',6-diamidino-2-phenylindole solution, cells were spun onto slides
and mounted with Dako fluorescent mounting medium. Cells were visu-
alized and microphotographed under a FV1000 confocal laser-scanning
microscope (Olympus).

ChIP assay. ChIP assays were performed with anti-YY1 antibody (ab12132;
Abcam) and anti-H3K27 antibody (07-449; Millipore) as recommended by
the manufacturer (EZ-Chip; Millipore). Genomic DNA pellets were resus-
pended in 20 ul water. PCR was performed with 2 ul immunoprecipitated
material using primers encompassing the predicted YY1 binding sites in pri-
let-7a-1, pri-let-7a-2, and pri-let-7a-3 promoters. The sequences 5'-GATGAT-
GAAGTAGTTGGACCTT-3' (forward) and 5'-CTGCCATTGAAATCTTGC-3'
(reverse) were used to amplify via PCR the pri-let-7a-1 promoter fragment
containing the predicted YY1 binding sites located at position -2,500. For
the pri-let-7a-2 fragment containing the predicted YY1 consensus at positions
-1,920 and -1,800, the sequences 5" TGGTCACAGTAAGTGTTAAATCTTC-
TAC-3' (forward) and S'-CTTACAGTTAAGGGATGATCATTTTT-3'
(reverse) were used. Finally, the pri-let-7a-3 promoter fragment, encompass-
ing a predicted YY1 binding site at position -1,900, was amplified using
5'-CTGTCCCTTCAGCCCTCAC-3' (forward) and 5'-CTGTCCCAGCAT-
CATCTCG-3' (reverse). Products were analyzed using agarose gel and visual-
ized with a GelDoc documentation system (Bio-Rad Laboratories).

Statistics. Unless otherwise indicated, results are mean + SEM from at least
3 independent experiments. 2-tailed Student’s paired ¢ test was used for sta-
tistical comparisons between groups. For in vivo mouse experiments, overall
survival curves and mean group survival times were estimated by the Kaplan-
Meier method. Pvalues less than 0.05 were considered statistically significant.

Study approval. All animal work was done in accordance with a protocol
approved by the Institutional Animal Care and Use Committee at The Uni-
versity of Texas MD Anderson Cancer Center. Samples from AML patients
were collected after informed consent, as approved by the University of
Texas MD Anderson Cancer Center Institutional Review Board and in
accordance with the Declaration of Helsinki.
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